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Abstract
All seven extant species of sea turtle are either threatened or endangered due to a multitude of
anthropogenic and environmental factors. There has been strong emphasis on reversing this trend
through various conservation efforts at multiple life stages, yet, if hatchlings never develop
within the nest or are unable to escape the egg chamber, then these efforts are futile.
Understanding how they develop, the factors impacting this development and their ability to
emerge from the egg chamber are essential for sea turtle conservation. Important factors that may
impact hatching success (HS) and emergence success (ES) are egg chamber depth (ECD) and
clutch size. The ECD contributes to the cumulative effects of most parameters affecting
embryonic development and emergence from the egg chamber while clutch size contributes to
the amount of metabolic heating within the nest. If ECD and clutch size significantly impact HS
and ES, then identifying an optimal egg chamber depth (OECD) based on clutch size may be
useful in maximizing HS and ES. This study examined this relationship through model
development for in situ and relocated nests in Broward County, FL. The ECD and clutch size
influenced HS and ES, allowing the OECD that maximizes HS and ES to be determined for all
nests as well as specified clutch size ranges. Nest location impact to OECD, HS, and ES was
examined but no strong trends were observed. Results from this study can be applied to nest
relocation methodologies to maximize the hatchling output of any given relocated nest.

Keywords: egg chamber depth, hatching success, emergence success, clutch size, nest
relocation, loggerhead sea turtle, Florida, embryonic development.
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Introduction
Sea Turtle Conservation
Sea turtles have experienced significant population decline due to a vast array of
anthropogenic and environmental factors. The cumulative effect of these factors has led to six of
the seven extant sea turtle species to be listed as either threatened or endangered globally (IUCN
2015). While environmental factors like climate change have impacted habitat size and food
availability, human impact such as pollution, overharvesting, bycatch, and beach development
have played a significant role in the decline of these species (Crowder, Hopkins-Murphy, and
Royle 1995; Gibbons et al. 2000; Lewison and Crowder 2007; Peckham et al. 2008; Troëng and
Rankin 2005; Wyneken et al. 1988). Conservation efforts targeting all sea turtle life stages have
led to increases in several, regional population sizes (Troëng and Rankin 2005) yet, all species
remain vulnerable to extinction (IUCN 2015). Juvenile and adult sea turtle conservation has
focused on reducing mortality throughout these life stages through bycatch reduction, e.g., turtle
excluder devices (TEDs) (Crowder, Hopkins-Murphy, and Royle 1995), bycatch limits (Lewison
and Crowder 2007), habitat conservation such as marine protected areas (Siddiqui et al. 2008),
and sea turtle rehabilitation (Baker, Edwards, and Pike 2016). Hatchling conservation focuses on
maximizing the number of hatchlings reaching the ocean through protocols such as nesting beach
monitoring, monitoring hatchout events to prevent disorientation (Burkholder and Nease 2021)
or caging nests to prevent depredation (Lei and Booth 2017). Marking and protecting nests also
falls into this category as they reduce negative impacts from mechanical beach cleaning and
human traffic (Lutcavage et al. 1997). Providing a less disturbed incubation environment may
lead to higher hatchling output as disturbances within the nest can damage developing embryos
(Miller, Limpus, and Baker 1979; Miller, Limpus, and Godfrey 2003). The incubation
environment is critical for embryonic development (Ackerman 1997; Cheeks 1997; Milton,
Schulman, and Lutz 1997; Rumbold, Davis, and Perretta 2001; Wyneken and Lolavar 2015) and
understanding the parameters that lead to successful hatchling development is needed to
maximize the number of hatchlings hatching from their eggs, emerging from the nest, and
reaching the ocean. It is estimated only one in 1000 to one in 10000 hatchlings survive from
hatchling to adulthood which is a staggeringly low survival rate (Frazer 1986). Increasing the
overall number of hatchlings reaching the ocean can bolster the impact of conservation efforts at
later life stages.
8

Sea Turtle Nesting
Sea turtles are reptiles that inhabit marine ecosystems throughout the world. They can
inhabit coastal and pelagic waters depending on the species or time of year (Bolten et al. 1998;
Boyle et al. 2009). Six of the seven extant species populate U.S. waters (National Marine
Fisheries Service 2013). These include the loggerhead (Caretta caretta), green (Chelonia
mydas), leatherback (Dermochelys coriacea), hawksbill (Eretmochelys imbricata), Kemp’s
ridley (Lepidochelys kempii), and Olive ridley (Lepidochelys olivacea) (National Marine
Fisheries Service 2013). Sea turtles spend nearly all their life in a marine environment (Carr,
Carr, and Meylan 1978; Musick and Limpus 1997). However, sea turtles are oviparous and
females must emerge onto tropical/subtropical, sandy beaches to lay a cluster of eggs (clutch)
within that external environment (Miller, Limpus, and Godfrey 2003; Zbinden, Margaritoulis,
and Arlettaz 2006). From March 1st to October 31st, Florida beaches provide suitable nesting
habitat for five sea turtle species: loggerhead, green, leatherback, Kemp’s ridley, and hawksbill
(FFWCC 2016). Sea turtle nesting frequency in Florida varies among these species, with
loggerhead nesting frequency significantly exceeding all other species (FFWCC 2016; IUCN
2015). Loggerhead nesting accounts for approximately 80-90% of all sea turtle nests in Florida,
followed by greens at 10-20%, and leatherbacks at less than 1% (FFWCC 2016). Kemp’s ridley
and hawksbill nesting does not significantly contribute to Florida’s sea turtle nest totals as
nesting is inconsistent and sparse (FFWCC 2016). Contrarily, loggerhead nesting in Florida is
significant as it comprises approximately 90% of all nesting for the North Atlantic loggerhead
population, but also approximately 40% of loggerhead nesting worldwide (FFWCC 2016; IUCN
2015). Broward County, located along Florida’s southeast coast, provides approximately 38
kilometers of nesting habitat and hosts 1500 to 3500 loggerhead nests annually (Burkholder and
Nease 2021). Broward County coastline is considered a medium density nesting beach, falling
between 25-75% of all surveyed Florida beaches by the Florida Fish and Wildlife Conservation
Commission (FFWCC). Loggerhead nesting output in Broward County continues to contribute to
the recovery of this state and federally protected species (Burkholder and Nease 2021).
After breeding, a female loggerhead emerges onto the beach to select a suitable nesting
site (Ackerman 1997; Carr, Carr, and Meylan 1978; Miller, Limpus, and Godfrey 2003). She
digs an egg chamber, into which a clutch will be deposited (Ackerman 1997; Miller, Limpus, and
Godfrey 2003). For loggerheads, the distance from the level surface to the bottom of the egg
9

chamber, also known as egg chamber depth (ECD), averages between 50 to 60 centimeters
(Burkholder and Nease 2021). Loggerhead clutch size averages between 100 to 150 eggs,
(Burkholder and Nease 2021; Graeme, Hays, and Speakman 1991), but can vary depending on
factors such as female age and/or size (Bjorndal and Carr 1989). After deposition, the clutch is
buried and camouflaged and the female returns to the ocean (Carr, Carr, and Meylan 1978;
Miller, Limpus, and Godfrey 2003). The eggs will incubate for 45-70 days (Burkholder and
Nease 2021; FFWCC 2016), allowing embryonic development to occur within the eggs. Once
embryonic development has finished, hatchlings will begin pipping through their eggshell until
completely free and attempt to ascend from the egg chamber to the sand surface and crawl
towards the ocean (Miller, Limpus, and Godfrey 2003). Egg development is dependent upon the
environmental factors of the egg chamber, including nest temperature, gas exchange, and
moisture level (Ackerman 1997; Lolavar and Wyneken 2020; van de Merwe, Ibrahim, and
Whittier 2006).

Embryonic Development: Nest Temperature
Nest temperature is a vital factor impacting incubation time, embryonic development, and
sex ratios (Ackerman 1997; Milton, Schulman, and Lutz 1997; Tuttle and Rostal 2010; van de
Merwe, Ibrahim, and Whittier 2006; Wyneken and Lolavar 2015). Sea turtle embryonic
development occurs between temperatures greater than 25°C and less than 35°C (Ackerman
1997) and Florida beaches exhibit this temperature range during loggerhead nesting season
(April 1st to August 31st) (FFWCC 2016; Wyneken and Lolavar 2015). The sex of the
developing hatchling is also influenced by temperature (Wyneken and Lolavar 2015). The
pivotal temperature occurs at 29.3°C where higher nest temperatures produce more females and
lower nest temperatures produce more males (Blechschmidt, Wittmann, and Blüml 2020). Nest
temperature is influenced by various abiotic and biotic factors, including rainfall, surface air
temperature, sand composition, and solar irradiance (Broadwell 1991; Cheeks 1997; Hays et al.
2001), as well as metabolic heating, ECD, and clutch size (Bjorndal and Carr 1989; Degregorio
and Williard 2011; Hewavisenthi 1994; van de Merwe, Ibrahim, and Whittier 2006; Zbinden,
Margaritoulis, and Arlettaz 2006). Warmer temperatures are found to increase metabolic rate and
therefore increase the rate of embryonic development (Ackerman 1997; Booth 1998; Milton,
Schulman, and Lutz 1997; van de Merwe, Ibrahim, and Whittier 2006). Metabolic heating from
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developing embryos can increase nest temperatures from 2.0°C to 4.4°C during later
developmental stages (van de Merwe, Ibrahim, and Whittier 2006). Clutch size contributes to the
intensity of metabolic heating with larger clutches producing more heat than smaller clutches
(van de Merwe, Ibrahim, and Whittier 2006). Temperature increases from metabolic heating has
the potential to increase clutch temperature beyond the thermal limit, resulting in mortality
(Blanck and Sawyer 1981; Milton, Schulman, and Lutz 1997; Wyneken and Lolavar 2015; van
de Merwe, Ibrahim, and Whittier 2006).

Embryonic Development: Gas Exchange
Successful embryonic development requires respiratory gases (O2 and CO2), nutrients,
and water to be exchanged between the eggs and the egg chamber environment through diffusion
(Ackerman 1981; Coast, Kraemer, and Bell 1980; Lolavar and Wyneken 2020). Diffusion rates
are impacted by the humidity of the egg chamber (Hewavisenthi 1994; Ackerman 1997; Lolavar
and Wyneken 2020). A hydrated egg chamber may increase diffusion rates, however, extreme
humidity may limit oxygen exchange, increasing embryo mortality (Coast, Kraemer, and Bell
1980; Lolavar and Wyneken 2020). The egg chamber must also have sufficient gas exchange
with the surrounding sand to prevent anoxic conditions from developing and to reduce embryo
mortality (Chen, Wang, and Cheng 2010; Karavas et al. 2005). Factors such as sand grain size
and compaction can impact developmental success, such that beaches with coarse and/or loose
sands allow greater gas exchange relative to beaches with fine and/or compacted sand (Chen,
Wang, and Cheng 2010; Milton, Schulman, and Lutz 1997; Rumbold, Davis, and Perretta 2001).

Hatch and Emergence Success
The success of a nest can be quantified through two derived metrics, hatching success
and emergence success. Hatching success (HS) is the percentage of eggs that have hatched or
pipped through the eggshell, relative to clutch size. Emergence success (ES) is the percentage of
hatchlings that independently emerged from the egg chamber relative to clutch size. The HS and
ES have demonstrated to be indicators of successful nest placement and incubation environment.
The HS may indicate suitable incubation conditions needed for embryonic development as
without proper incubation conditions, the embryos will not develop (Mcelroy, Dodd, and
Castleberry 2015). The ES is dependent upon HS but also adds the factor of emerging from the
11

nest. The distance needed to ascend the egg chamber, ECD, as well as sand compaction and
obstructions, will impact ES (Foley, Peck, and Harman 2006; Mcelroy, Dodd, and Castleberry
2015). Understanding conditions needed to maximize HS and ES are essential in maximizing
hatchling output from any given nest.

Egg Chamber Depth
The HS and ES may be directly impacted by egg chamber depth (van de Merwe, Ibrahim,
and Whittier 2006). As ECD increases, nest temperature and nest temperature variability
decreases (Chen, Wang, and Cheng 2010; López-Correa et al. 2010; van de Merwe, Ibrahim, and
Whittier 2006). Moisture level and gas exchange may change as ECD increases due to increased
distance from surface conditions (Caut, Guirlet, and Girondot 2010). This suggests there may be
an ECD range that would allow the optimal conditions for successful embryonic development.
For example, nests laid too shallow may be exposed to high temperatures and exceed the thermal
limit, increasing mortality and decreasing HS and ES (Matsuzawa et al. 2002; Tuttle and Rostal
2010; van de Merwe, Ibrahim, and Whittier 2006). Nests laid too deep may not meet the
minimum temperature requirements for proper embryonic development resulting in lower HS
and ES (Matsuzawa et al. 2002; Tuttle and Rostal 2010; van de Merwe, Ibrahim, and Whittier
2006). Similar relationships may also be seen with other factors that impact embryonic
development. For example, shallower nests may have lower moisture levels due to increased
evaporation, (Caut, Guirlet, and Girondot 2010). Therefore, it may be possible to predict an ECD
that optimizes environmental factors, and, in turn, the HS and ES. Identification of this optimal
egg chamber depth (OECD) could reform relocation methods of imperiled nests, improving
conservation outcomes.

Nest Relocation
One of the many techniques used by nest monitoring programs is the relocation of
imperiled nests to “safer” areas of the beach to increase the probability of a successful outcome
(Baskale and Kaska 2005; Dellert, O’Neil, and Cassill 2014; Tuttle and Rostal 2010;
Witherington et al. 2009). Areas of beach that may be deemed unsuitable may exhibit excessive
sand manipulation (FFWCC 2016). Nests laid below the previous night’s high tide line or nests
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whose egg chambers were exposed due to tidal action may also be relocated to increase their
viability (Ahles and Milton 2016; Foley, Peck, and Harman 2006; McGehee 1990; Pike and
Stiner 2007; Mcelroy, Dodd, and Castleberry 2015). Relocation is often viewed as a last resort
conservation technique as manipulating eggs after deposition often reduces HS and ES relative to
observed HS and ES from in situ nests, i.e., nests that were not relocated (Ahles and Milton
2016; Blanck and Sawyer 1981; Eckert and Eckert 1990; Miller, Limpus, and Baker 1979; Pintus
et al. 2009). Abrupt egg movement may damage the embryo or cause it to detach from the
eggshell wall, resulting in mortality (Blanck and Sawyer 1981; Eckert and Eckert 1990; Miller,
Limpus, and Baker 1979; Pintus et al. 2009). Furthermore, the recipient egg chamber is unlikely
to mimic the original egg chamber, which may negatively impact the incubation environment
(Tuttle and Rostal 2010). To minimize these risks, state and federal agencies’ regulations dictate
relocation methodologies and standards. In Florida, the FFWCC has designated strict regulations
regarding the relocation of loggerhead nests (FFWCC 2016). For example, a relocated nest site
must mimic the donor nest site in every controllable nest parameter, including egg chamber
dimensions, beach position, and sand composition (Tuttle and Rostal 2010). Time constraints
may also be considered, as the embryo attaches to the inner shell membrane within twelve hours
after deposition (Ahles and Milton 2016; Blanck and Sawyer 1981; Miller, Limpus, and Baker
1979). After this point, the mortality risk from abrupt movement drastically increases (Ahles and
Milton 2016; Blanck and Sawyer 1981; Miller, Limpus, and Baker 1979). Assuming the earliest
a nesting female may complete egg deposition is 9:00 PM, local regulations may dictate that nest
relocations must be completed prior to 9:00 AM of the morning following nest deposition
(FFWCC 2016). These procedures can minimize the negative impacts associated with nest
relocation. However, relocation may become necessary outside of the 12-hour window in
scenarios where these procedures cannot be followed, such as an egg chamber exposed by wave
action (Ahles and Milton 2016; Miller, Limpus, and Baker 1979). In these situations, the egg
chamber is compromised result in egg loss, reducing clutch size. The ECD may also be severely
altered, making it extremely difficult or impossible to recreate an egg chamber representative of
the original. Such scenarios require nesting surveyors to estimate the ECD of the donor nest.
This estimation would likely deviate from the actual ECD of the donor nest and may result in
negative effects to the developing embryos (Hewavisenthi 1994). Current regulations in Florida
provide little guidance on this issue and providing further evidence to suggest an ECD that could
13

maximize HS and ES based on clutch size would improve the hatchling output of these imperiled
nests.

Objectives
This study aims to examine the impact ECD has on HS and ES with clutch size and nest
location factored in. If ECD significantly impacts HS and ES, this knowledge could be applied to
nest relocation efforts when the ECD is unknown. Currently, nest relocation regulations in
Florida provide blanket guidance on nest relocation when ECD is unknown. Regulations do
account for species, loggerhead nests must be buried to 60 centimeters while greens and
leatherbacks must be buried to 80 centimeters. Yet, these regulations do not account for clutch
size or nest location (FFWCC 2016). Clutch size impacts the severity of metabolic heating and
should be factored into nest relocation when ECD is unknown (Zbinden, Margaritoulis, and
Arlettaz 2006). Average surface air temperatures vary significantly along the Florida coastline
and excluding this factor could be detrimental for developing embryos as the suggested ECD
may be too shallow or deep for the surrounding conditions (Ackerman 1997; National Centers
for Environmental Information 2010). Although this study will only investigate loggerhead nests,
findings could indicate a need for further research to improve the success of relocated nests for
all species. The results of this study could scientifically inform nest management strategies,
providing improved guidance during these circumstances, leading to improved conservation
outcomes.
I hypothesize that there will be an optimal ECD that maximizes HS and ES for
loggerhead nests, resulting in a parabolic trend in which nests laid above or below this ECD will
demonstrate lower HS and ES. I also hypothesize clutch size will impact this depth, with larger
clutch sizes pushing this optimal ECD deeper to counteract the increase in metabolic heating.
Finally, I hypothesize that nest location will impact this depth with study sites demonstrating
statistically significant ECDs that maximizes HS and ES.

Materials and Methods
Marine Turtle Data Acquisition
The Broward County Sea Turtle Conservation Program (BCSTCP) has been monitoring
sea turtle nesting activity along 38.6 kilometers of Broward County coastline since 1981. This
14

program is funded by Broward County and conducts sea turtle conservation activities following
regulations issued by the FFWCC through Marine Turtle Permits and the Florida Fish and
Wildlife Conservation Commission Marine Turtle Conservation Handbook (FFWCC 2016). Data
collected by the BCSTCP is maintained at Nova Southeastern University’s Halmos College of
Arts and Sciences (HCAS), as well as at Broward County’s Environmental Planning Community
and Resilience Division (EPCRD). Historical nesting and excavation data collected by the
BCSTCP from the 2005 to 2019 nesting seasons along Broward County beaches, excluding Dr.
Von D. Mizell-Eula Johnson State Park (4.1 kilometers), were used for this study. Nesting
season in Broward County spans from March 1st to October 31st every year.

Study Site
This study utilized sea turtle nesting and excavation data collected from beaches within
Broward County, located along the Atlantic Ocean in Southeast Florida, USA (Figure 1).
Broward County beaches consist of nine municipalities: Deerfield Beach, Hillsboro Beach,
Pompano Beach, Sea Ranch Lakes, Lauderdale-By-The-Sea, Fort Lauderdale, Dania Beach,
Hollywood, and Hallandale Beach (Figure 2). These municipalities are divided into five survey
sites defined by the FFWCC, but this study only utilized data from four of these sites.
“Hillsboro” survey site, is a 6.9 kilometer beach that extends from the Broward County and Palm
Beach County line to the north end of the Hillsboro Inlet and includes Deerfield Beach and
Hillsboro Beach. “Pompano” is a 7.7 kilometer beach that extends from the south end of the
Hillsboro Inlet to Commercial Pier and includes Pompano Beach, Sea Ranch Lakes, and the
northern portion of Lauderdale-By-The-Sea. “Fort Lauderdale” is a 10.6 kilometer beach that
extends from Commercial Pier to Port Everglades and includes the southern portion of
Lauderdale-By-The-Sea and Fort Lauderdale. “Hollywood” is a 9.3 kilometer beach that extends
from the south end of Dr. Von D. Mizell-Eula Johnson State Park to the Broward County and
Miami-Dade County line and includes Dania Beach, portions of Hollywood, and Hallandale
Beach. In total, sea turtle nesting and excavation data was collected along 34.5 kilometers of
Broward County coastline. Study sites from north to south are ordered as follows, Hillsboro,
Pompano, Fort Lauderdale, and Hollywood.
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Figure 1: Location of Broward County, Florida, USA.

16

Figure 2. Location of Broward County municipalities and relevant landmarks. Numbers
represent R markers designated by the Florida Department of Environmental Protection.
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Figure 2. Location of Broward County municipalities and relevant landmarks. Numbers
represent R markers designated by the Florida Department of Environmental Protection.
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Figure 2. Location of Broward County municipalities and relevant landmarks. Numbers
represent R markers designated by the Florida Department of Environmental Protection.

19

Figure 2. Location of Broward County municipalities and relevant landmarks. Numbers
represent R markers designated by the Florida Department of Environmental Protection.
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Figure 2. Location of Broward County municipalities and relevant landmarks. Numbers
represent R markers designated by the Florida Department of Environmental Protection.
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Species Selection
Broward County beaches provide suitable nesting habitat for three sea turtle species, the
loggerhead, green, and leatherback (Burkholder and Nease 2021). The hawksbill has nested
along Broward County beaches; however, only one nest, during the BCSTCP’s existence, has
been confirmed. Majority of the annual nesting is attributed to the loggerhead with 1500 to 3500
loggerhead nests documented every season (Burkholder and Nease 2021). Green and leatherback
nests account for less than 5% and 1% of annual nesting, respectively. Loggerheads are the
smallest of the three species and generally dig the shallowest nests (Burkholder and Nease 2021).
Measuring an accurate ECD was integral for the objectives of this study and as such, shallower
nests were easier to measure. Due to the significantly larger sample size and ease of collecting
consistent and accurate ECD, only loggerhead nesting and excavation data was utilized for this
study.

Nesting Surveying and Monitoring
Loggerhead nesting season in Broward County spans from April 1st to August 31st every
year. BCSTCP staff conducted daily nesting surveys to document loggerhead nesting emergence
and non-nesting emergences. Non-nesting emergences were documented while nests required far
more data collection and maintenance. Some nests required relocation, the process in which a
nest is moved from one site to another, while other nests were left in situ. All loggerhead nests
were marked with wooden stakes and flagging tape to ensure a safe incubation environment
while the embryos developed over the next two months. Nests were then monitored to document
any environmental and/or anthropogenic impacts until they hatched or met their maximum
incubation duration allowed, which was 70 days from the date of deposition. Environmental
factors such as shading or excessive washover, extended allowable incubation ten days, resulting
in a maximum incubation duration of 80 days.

Nest Excavations
If hatching evidence was observed, the clutch location was documented using visual cues
from the hatchout event. The nest contents were then removed and inventoried during a process
known as a nest excavation. Nest excavations occurred immediately after hatchouts were
documented until 2011 when new regulations dictated that excavations must be delayed three
22

days following a hatchout. To begin excavating hatched nests, the clutch was located again, sand
was carefully removed by hand, and the nest contents were removed from the egg chamber.
Contents were categorized based on physical characteristics, then enumerated. The primary
categorical classifications were hatched and unhatched eggs, live and dead hatchlings, and live
and dead pipped. An empty eggshell was considered hatched if 50% or more of the shell was still
intact; while unhatched eggs were fully intact eggs that either failed to develop properly or were
never fertilized and thus never reached the point of hatching. Hatchlings found in the egg
chamber were categorized based on their condition, live hatchlings or dead hatchlings. Pipped
eggs were eggs found with a hatchling still attempting to fully emerge from the egg. Pipped eggs
found in the egg chamber were categorized based on their condition, live pipped or dead pipped.
The ECD, distance from the level surface sand to the bottom of the egg chamber, was recorded,
in centimeters, using a flexible measuring tape. Clutch size, the number of viable eggs within a
sea turtle nest, and any other relevant data were collected, and contents, excluding live animals,
were reburied. The HS (1) and ES (2) were determined from data collected using the following
equations:

𝐻𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑆𝑢𝑐𝑐𝑒𝑠𝑠 =

𝐻𝑎𝑡𝑐ℎ𝑒𝑑+𝐿𝑖𝑣𝑒 𝑃𝑖𝑝𝑝𝑒𝑑+𝐷𝑒𝑎𝑑 𝑃𝑖𝑝𝑝𝑒𝑑

𝐸𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑆𝑢𝑐𝑐𝑒𝑠𝑠 =

𝑇𝑜𝑡𝑎𝑙 𝐸𝑔𝑔𝑠

𝑋 100

𝐻𝑎𝑡𝑐ℎ𝑒𝑑−(𝐿𝑖𝑣𝑒 𝑖𝑛 𝑁𝑒𝑠𝑡+𝐷𝑒𝑎𝑑 𝑁𝑒𝑠𝑡)
𝑇𝑜𝑡𝑎𝑙 𝐸𝑔𝑔𝑠

𝑋 100

(1)
(2)

If hatching was not observed, nest perimeters were removed by 80 days from nest deposition
without conducting a nest excavation, unless the egg chamber was discovered by chance. In
these scenarios, nest excavation occurred immediately as the nest was considered unviable.

Nest Relocation
Nest relocation was utilized to improve hatchling output by either allowing the nest to
incubate in a safer environment, incubate in a controlled environment, or hatch in an area that
provided fewer risks towards hatchlings emerging from the nest. In Broward, nests were
relocated for three primary reasons: nests laid within a “donor zone”, nests laid below the
previous night’s high tide line, or nests with an exposed egg chamber resulting in active egg loss.
The FFWCC designated “donor zones” in which any nests laid within these regions were
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relocated to designated “recipient zones”. Historically, “donor zones” were associated with areas
of high-risk for developing embryos or emerging hatchlings such as inlets, beach renourishment
sites, or areas with documented sea turtle hatchling disorientation. Designated “recipient zones”
varied from season to season, as conservation strategies evolved drastically from 2005 to 2019,
but generally included in-beach hatcheries, enclosed hatcheries, or safer areas. These nests were
moved by 9:00 AM on the day they were discovered to minimize risk to developing embryos.
Nests laid below the previous night’s high tide line were relocated directly landward. If beach
width was insufficient, these nests were moved to the nearest segment of beach capable of
receiving relocated nests and had sufficient beach width. These nests were moved by 9:00 AM
on the day they were discovered to minimize risk to developing embryos. Nests with an exposed
egg chamber were relocated directly landward. If beach width was insufficient, these nests were
moved to the nearest segment of beach capable of receiving relocated nests and had sufficient
beach width. Due to the unpredictable nature of excessive wave action from high tides or storm
surges, these nests were relocated as needed and previously outlined time restrictions were
disregarded. During nest relocation, eggs were removed from the egg chamber one by one and
placed into a bucket layered with approximately five centimeters of sand. Eggs were moved as
delicately as possible to avoid rotation and abrupt movements. Eggs were then layered within the
bucket in the order in which they were removed as best as possible. Once all eggs were removed,
the bucket was covered with a towel and carefully transported to the recipient site. The ECD of
the donor egg chamber was collected prior to transport. All relocated nests were transplanted into
a recipient egg chamber that mimicked the dimensions of the donor egg chamber. Recipient ECD
was identical to the donor ECD, while the egg chamber diameter and shape were estimated at the
discretion of the surveyor performing the relocation. In the event the donor ECD was lost due to
wave action, nests were relocated to a depth following guidance from the designated Marine
Turtle Permit Holder and the Marine Turtle Conservation Handbook. Eggs were then carefully
placed into the recipient egg chamber one by one while avoiding rotation and abrupt movements.
Eggs were placed in the approximate order in which they were removed. The last layer of eggs
removed from the donor egg chamber was the first layer placed into the recipient egg chamber.
Clutch size and recipient egg chamber location were documented during this process and any
broken eggs were removed from the viable clutch prior to transplantation. After transplanting the
eggs, sand was carefully layered and packed over the egg chamber. Relocated nests were then
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marked with wooden stakes and flagging tape to ensure a safe incubation environment while the
embryos developed over the next two months. Nest excavations were performed for all relocated
nests unless the clutch location was lost due to anthropogenic or environmental factors such as
vandalism or wave action, respectively.

Data Filtering
In situ nests were analyzed separately from relocated nests due to the inherent risks nest
relocation poses to embryonic development (Baskale and Kaska 2005; Blanck and Sawyer 1981;
Eckert and Eckert 1990; Miller, Limpus, and Baker 1979). Relative to in situ nests, lower
average HS and ES for relocated nests have been consistently observed among relocated nests,
and therefore the datasets remained separate to minimize variability in the data (Blanck and
Sawyer 1981; Burkholder and Nease 2021). Nests relocated from exposed egg chambers were
excluded from the relocated nest dataset for multiple reasons. The presumed clutch size was not
representative of the original clutch size as active egg loss was a prerequisite for relocation.
Additionally, the timing of relocation varied and may have occurred during the critical period
where abrupt movement is most lethal to developing embryos (Ahles and Milton 2016; Milton,
Schulman, and Lutz 1997; Tuttle and Rostal 2010). Finally, the original ECD was often lost from
tidal action resulting in an estimated ECD for the remainder of incubation. Together, these would
add significant variability in HS and ES within the relocated nest dataset as well as impact any
relationship ECD and clutch size have on HS and ES.
Data was further filtered to minimize atypical variability among multiple nest parameters
for both in situ and relocated nests. Nests that were predated to any extent, nests that experienced
unnatural hatchling and/or egg loss from unpermitted tampering or poaching of the egg chamber,
and nests disturbed and damaged by other nesting sea turtles, were all excluded for their inherent
impact on clutch size and developing embryos (Baskale and Kaska 2005). Nests that were
exposed to excessive (greater than three days) tidal action (washover), nests submerged in
standing water (inundation), and/or nests buried further by sand pulled in from wave action
(accretion) were all excluded for their inherent impact on developing embryos and ECD (Foley,
Peck, and Harman 2006; McGehee 1990; Pike and Stiner 2007; Lolavar and Wyneken 2020).
Nests deposited within beach renourishment project areas were excluded for the first three years
following sand placement, as mined sand composition differed from natural Florida beach
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conditions and nourished beaches were prone to heavy erosion (Dellert, O’Neil, and Cassill
2014; FFWCC 2016). Finally, nests that were missed and not identified on their date of
deposition were excluded as they were not monitored for some or all of their incubation and the
impacts they experienced were unknown.

Statistical Analysis
All nesting and excavation data filtering, exploration, and extrapolation was done using R
Studio, version 4.0.4. Multiple modeling methods were explored to observe trends among HS,
ES, ECD, and clutch size for in situ and relocated nests. In situ nests were investigated first using
Generalized Linear Models (GLM), Generalized Linear Mixed Models (GLMM), Generalized
Additive Models (GAM), and Generalized Additive Mixed Models (GAMM) as this category of
nests was presumed to have less variability within the data. Multiple R packages were utilized to
accomplish this including, but not limited to, “mgcv”, “mgcViz”, “lme4”, “gamlss”, and
“gamm4”. All models utilized ECD and clutch size as numerical independent variables with
either HS or ES as the response variable. Year and study site (Hillsboro, Pompano, Fort
Lauderdale, and Hollywood) were added to the model as categorical independent variables. The
HS and ES are proportional data and thus the binomial, quasibinomial, and beta regression
families were investigated. All preliminary analyses with the various model parameter
combinations demonstrated a negative parabolic trend with ECD as the independent variable and
HS or ES as the dependent variable. However, model diagnostics failed for every iteration and
therefore a different modeling approach was pursued.
Rather than modeling the impacts of ECD and clutch size on HS and ES with each nest
contributing independently to the model, nest parameters were grouped into bins by ECD. Bin
sizes were explored from one-centimeter egg chamber depth intervals to six-centimeter egg
chamber depth intervals. Bin sizes with a sample size less than 30 were excluded due to
insufficient statistical power. The HS, ES, and ECD were averaged for each bin and a quadratic
model was fitted to the dataset using the “lm” function in R Studio. Models were compared to
evaluate adjusted R² values and p-values. Additionally, aggregated data means for HS and ES
were compared using Two Sample T-tests to find the model that identifies the most concise ECD
range that optimizes HS and ES and coincides with the predicted OECD of the model. This
approach was done for both in situ and relocated nests for each response variable, HS and ES.
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Once chamber depth bin sizes were determined from model outputs, clutch size was factored in
to compare effects among in situ nests. Clutch size was divided into four ranges based on
quartiles. Range one extended from the minimum clutch size to 25th percentile minus 1. Range
two extended from the 25th percentile to the median clutch size minus 1. Range three extended
from the median clutch size to the 75th percentile minus 1. Range four extended from the 75th
percentile to the maximum clutch size. Finally, in situ model outputs were compared among
study sites to identify any geographical patterns. Relocated nests were excluded from this
analysis due to limited sample size after further data filtering and some relocated nests were
moved between beaches which would have added further variation between donor egg chamber
and recipient egg chamber dimensions and characteristics.

Results
Descriptive Statistics
A total of 12503 In Situ and 2377 relocated nests were analyzed in this study. In situ
ECD ranged from 19 to 129 centimeters with a mean ECD of 54.06 centimeters. Relocated ECD
ranged from 34 to 143 centimeters with a mean ECD of 55.58 centimeters. ECD for both in situ
and relocated nests were normally distributed and the F-test of equality of variance indicated
unequal variance between the datasets (Fstat = 1.15, p = 1.472𝑒 −5 ). A Welch’s t-test confirmed
mean ECD for in situ and relocated nests were statistically different (p < 2.2e−16). The HS and
ES for in situ and relocated nests both ranged from 0.00% to 100.00%. Mean HS and ES for in
situ nests were 82.11% and 74.40% respectively. Mean HS and ES for relocated nests were
82.33% and 66.44% respectively. The HS for both in situ and relocated nests were not normally
distributed and the F-test of equality of variance indicated equal variance between the datasets
(Fstat = 0.97, p = 0.4035). A Mann-Whitney-Wilcoxon Test confirmed that the mean HS for in
situ and relocated nests were not statistically different (p = 0.6323). The ES for both in situ and
relocated nests were not normally distributed and the F-test of equality of variance indicated
unequal variance between the datasets (Fstat = 1.09, p = 7.58e−3). A Mann-Whitney-Wilcoxon
Test confirmed that the mean ES for in situ and relocated nests were statistically different (p <
2.2e−16).
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In Situ Hatch Success Modeling
In situ ECD was grouped into four-centimeter bins with a range of 32 to 75 centimeters
(Table 1). Mean ECD and HS was determined for each bin. Aggregated in situ mean HS and
ECD data were fitted with a negative parabolic model (3) (Figure 3) (Adjusted R² = 0.7955, p =
1.748e−3). The vertex of the function, the highest point of the curve, was calculated resulting in
an (x,y) coordinate of (56.3, 0.8321) indicating a maximum HS of 83.21% at an OECD of 56.3
centimeters. The mean HS for the ECD bin that includes the OCED was compared to the mean
HS of all ECD bins presented in the model using Two Sample T-tests. Mean HS for in situ nests
deposited to a depth of 56 to 59 centimeters (IHS-7) was statistically different than all other
mean HS values for each ECD bin.
𝐼𝑛 𝑆𝑖𝑡𝑢 HS = −0.000282059(𝐸𝐶𝐷)2 + 0.031738983(𝐸𝐶𝐷) − 0.060791842

(3)

Table 1. In situ HS model bins. The listed p values compare mean HS significance from the
ECD bin that includes the predicted OECD to all other ECD bins.
ECD Bin

Bin Range (cm)

n

Mean ECD

Mean HS

p

IHS-1

32-35

36

34.06

73.46%

1.10𝑒 −2

IHS-2

36-39

124

37.87

68.49%

5.62𝑒 −9

IHS-3

40-43

453

41.79

77.08%

3.09𝑒 −9

IHS-4

44-47

1229

45.76

79.92%

5.68𝑒 −9

IHS-5

48-51

2495

49.69

82.16%

2.85𝑒 −4

IHS-6

52-55

3225

53.49

83.10%

4.01𝑒 −2

IHS-7

56-59

2611

57.33

84.12%

9.99𝑒 −1

IHS-8

60-63

1364

61.29

82.50%

1.18𝑒 −2

IHS-9

64-67

560

65.22

81.52%

6.19𝑒 −3

IHS-10

68-71

214

69.33

79.93%

3.28𝑒 −3

IHS-11

72-75

81

73.26

73.14%

5.01𝑒 −4
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Figure 3. Average HS and ECD by ECD bins for in situ nests. Blue line represents model
predictions and the shaded region represents the 95% confidence interval of the trendline.
In Situ Emergence Success Modeling
In situ ECD was grouped into five-centimeter bins with a range of 35 to 79 centimeters
(Table 2). Mean ECD and ES was determined for each bin. Aggregated in situ mean ES and
ECD data were fitted with a negative parabolic model (4) (Figure 4) (Adjusted R² = 0.9782, p =
4.36e−6). The vertex of the function was calculated resulting in an (x,y) coordinate of (55.7,
0.7673) indicating a maximum ES of 76.73% at an OECD of 55.7 centimeters. The mean ES for
the ECD bin that includes the OECD was compared to the mean ES of all ranges presented in the
model using Two Sample T-tests. Mean ES for in situ nests deposited to a depth of 55 to 59
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centimeters (IES-5) was statistically different than all other mean ES values for each ECD bin
except mean ES for in situ nests deposited to a depth of 50 to 54 centimeters (IES-4).
𝐼𝑛 𝑆𝑖𝑡𝑢 ES = −0.0004800318(𝐸𝐶𝐷)2 + 0.0534402016(𝐸𝐶𝐷) − 0.7199995507 (4)

Table 2. In situ ES model bins. The listed p values compare mean ES significance from the ECD
bin that includes the predicted OECD to all other ECD bins.
ECD Bin

Bin Range (cm)

n

Mean ECD

Mean ES

p

IES-1

35-39

140

37.54

59.99%

6.27𝑒 −10

IES-2

40-44

659

42.48

69.59%

3.12𝑒 −9

IES-3

45-49

2076

47.33

74.33%

6.20𝑒 −3

IES-4

50-54

3899

52.09

75.62%

3.54𝑒 −1

IES-5

55-59

3389

56.80

76.11%

9.99𝑒 −1

IES-6

60-64

1556

61.62

73.89%

1.62𝑒 −3

IES-7

65-69

488

66.48

71.60%

1.91𝑒 −4

IES-8

70-74

161

71.37

66.00%

1.96𝑒 −6

IES-9

75-79

39

76.36

55.62%

1.33𝑒 −5
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Figure 4. Average ES and ECD by ECD bins for in situ nests. Blue line represents model
predictions and the shaded region represents the 95% confidence interval of the trendline.
Relocated Hatch Success Modeling
Relocated ECD was grouped into four-centimeter bins with a range of 40 to 71
centimeters (Table 3). Mean ECD and HS was determined for each bin. Aggregated relocated
mean HS and ECD data did not fit a parabolic relationship and was refitted with a linear model
(5) (Figure 5) (Adjusted R² = 0.8151, p = 1.33𝑒 −3 ). The maximum HS of 86.09% occurred at an
OECD of 69.2 centimeters which coincided with the maximum x value of the model. Since the
model demonstrated a positive linear relationship, as ECD increased, HS increased. The mean
relocated HS for the ECD bin that includes the OECD was compared to the mean HS of all
ranges presented in the model using Two Sample T-tests. Mean HS for relocated nests deposited
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to a depth of 68 to 71 ((RHS-8) centimeters was statistically different to only the mean HS for
ECD bin RHS-4.
Relocated HS = 0.002351272(𝐸𝐶𝐷) + 0.698173891

(5)

Table 3. Relocated HS model bins. The listed p values compare mean HS significance from the
ECD bin that includes the predicted OECD to all other ECD bins.
ECD Bin

Bin Range (cm)

n

Mean ECD

Mean HS

p

RHS-1

40-43

50

41.88

80.28%

1.11𝑒 −1

RHS-2

44-47

128

45.78

81.57%

1.08𝑒 −1

RHS-3

48-51

360

49.78

80.56%

2.64𝑒 −2

RHS-4

52-55

670

53.56

81.60%

5.35𝑒 −2

RHS-5

56-59

600

57.35

82.93%

1.60𝑒 −1

RHS-6

60-63

355

61.10

82.99%

1.84𝑒 −1

RHS-7

64-67

138

65.09

86.51%

9.78𝑒 −1

RHS-8

68-71

45

69.20

86.44%

9.99𝑒 −1
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Figure 5. Average HS and ECD by ECD bins for relocated nests. Blue line represents model
predictions and the shaded region represents the 95% confidence interval of the trendline.
Relocated Emergence Success Modeling
Relocated ECD was grouped into four-centimeter bins with a range of 40 to 71
centimeters (Table 4). Mean ECD and ES was determined for each bin. Aggregated relocated
mean ES and ECD data did not fit a parabolic relationship and was refitted with a linear model
(5) (Figure 6) (Adjusted R² = 0.4235, p = 4.79𝑒 −2 ). The maximum ES of 68.82% occurred at an
OECD of 41.9 centimeters which coincided with the minimum x value of the model. Since the
model demonstrated a negative linear relationship, as ECD increased, ES decreased (Figure 4).
The mean relocated HS for the ECD bin that includes the OECD was compared to the mean HS
of all ranges presented in the model using Two Sample T-tests. Mean ES for relocated nests
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deposited to a depth of 40 to 43 (RES-1) centimeters was not statistically different to all other
mean ES values for each ECD bin.
Relocated ES = −0.001410070(𝐸𝐶𝐷) + 0.747280300

(6)

Table 4. Relocated ES model bins. The listed p values compare mean ES significance from the
ECD bin that includes the predicted OECD to all other ECD bins.
ECD Bin

Bin Range (cm)

n

Mean ECD

Mean ES

p

RES-1

40-43

50

41.88

70.57%

9.99𝑒 −1

RES-2

44-47

128

45.78

67.12%

3.76𝑒 −1

RES-3

48-51

360

49.78

67.57%

3.96𝑒 −1

RES-4

52-55

670

53.56

67.00%

2.96𝑒 −1

RES-5

56-59

600

57.35

66.21%

2.02𝑒 −1

RES-6

60-63

355

61.10

64.00%

6.17𝑒 −2

RES-7

64-67

138

65.09

67.23%

3.62𝑒 −1

RES-8

68-71

45

69.20

65.56%

2.57𝑒 −1
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Figure 6. Average ES and ECD by ECD bins for relocated nests. Blue line represents model
predictions and the shaded region represents the 95% confidence interval of the trendline.
Clutch Size Model Development
In situ clutch size ranged from 30 to 189 eggs with a mean clutch size of 108 eggs.
Clutch size for in situ nests were normally distributed. Clutch sizes for in situ nests were divided
into four quartiles based off the clutch size minimum, maximum, median, and interquartile range
(Figure 7). In situ clutch size was partitioned into four groups, 30 to 89 eggs, 90 to 106 eggs, 107
to 123 eggs, and 124 to 189 eggs. Clutch size groups were applied to existing model parameters
and refitted model equations and outputs were determined as well as OECD and the maximum
HS and ES for each clutch size group (Table 5).

35

Figure 7. Clutch size distribution for in situ nests.
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Table 5. Refitted models based on clutch size ranges with model diagnostics and outputs for in
situ nests.
Response

Clutch Size

OECD

Max

Variable

Range

(cm)

HS or ES

HS

1 to 89

2904

0.8048

7.26𝑒 −3

55.1

83.17%

HS

90 to 106

3214

0.8787

7.50𝑒 −4

57.3

86.08%

HS

107 to 123

2939

0.7614

1.20𝑒 −2

60.0

83.81%

HS

124 to 307

3196

0.6264

2.20𝑒 −2

57.2

82.50%

ES

1 to 89

2927

0.8925

5.14𝑒 −3

53.8

80.62%

ES

90 to 106

3203

0.8768

6.75𝑒 −3

56.1

79.56%

ES

107 to 123

2954

0.8148

1.52𝑒 −2

57.5

75.92%

ES

124 to 307

3190

0.9774

2.30𝑒 −4

57.7

72.70%

n

Adjusted
R²

p

In Situ Clutch Size Models
In situ nest HS models (Figure 8) and ES models (Figure 9) based on ECD and varying
clutch sizes continued to demonstrate significant negative parabolic trends (p < 0.05) with high
R² values (Table 5). The OECD and maximum HS or ES were determined by identifying the
vertex of each model. The OECD increased as clutch size increased for both the HS model (R² =
0.3347) and ES model (R² = 0.8857) (Figure 10). Maximum success decreased as clutch size
increased for both HS (R² = 0.1263) and ES (R² = 0.9587) (Figure 11). Mean HS and ECD for
each ECD bin that includes the OECD were determined for each clutch size range and compared
among each other (Figures 12 and 13). Mean HS was influenced by clutch size. The interaction
generated a negative linear relationship (R² = 0.2929). Mean ECD, given in situ HS model
parameters, was not influenced by clutch size. The interaction generated a horizontal linear
relationship (R² = 0.0812). Mean ES and ECD for each ECD bin that includes the OECD were
determined for each clutch size range and compared among each other (Figures 14 and 15).
Mean ES was influenced by clutch size. The interaction generated a negative linear relationship
(R² = 0.9295). Mean ECD, given in situ ES model parameters, was influenced by clutch size.
The interaction generated a positive linear relationship (R² = 0.6250).
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Figure 8. Model predictions for HS given ECD and clutch size ranges.
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Figure 9. Model predictions for ES given ECD and clutch size ranges.
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Figure 10. The OECD for each clutch size range based on the HS and ES models.
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Figure 11. The maximum HS and ES for each clutch size range based on the HS and ES models.
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Figure 12. Mean HS for each clutch size range based on the ECD bin that includes the OECD.
Brackets represent the standard error for each mean.
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Figure 13. Mean ECD for each clutch size range based on the ECD bin that includes the OECD
for the HS models. Brackets represent the standard error for each mean.
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Figure 14. Mean ES for each clutch size range based on the ECD bin that includes the OECD.
Brackets represent the standard error for each mean.
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Figure 15. Mean ECD for each clutch size range based on the ECD bin that includes the OECD
for the ES models. Brackets represent the standard deviation for each mean.
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Study Site Models
Study site was applied to existing model parameters and refitted model equations and
outputs were determined as well as OECD and the maximum HS and ES for each study site.
In situ nest models based on study sites continued to demonstrate significant negative parabolic
trends (p < 0.05) with high R² values for both HS and ES excluding the Hollywood HS model
iteration (p = 6.50e−2 ) (Table 6). The OECD and maximum HS or ES were determined by
identifying the vertex of each model. The OECD was not influenced by study site from north to
south for the HS model (R² = 0.0054) and only slightly influenced by study site for the ES Model
(R² = 0.0369) (Figure 16). The OECD was significantly lower for Pompano relative to the other
beaches for both models. Maximum HS and ES were both influenced by study site and increased
from north to south (R² = 0.6021 and R² = 0.2509 respectively) (Figure 17). Mean HS and ECD
for each ECD bin that includes the OECD were determined for each study site and compared
among each other for the HS model (Figures 18 and 19). Mean HS was influenced by study site.
The interaction generated a positive linear relationship from north to south (R² = 0.628) with
Hillsboro mean HS being significantly lower than the remaining study sites. Mean ECD, given in
situ HS model parameters, was not influenced by study site from north to south. The interaction
generated a horizontal linear relationship (R² = 3.00e−5), however Pompano had a significantly
lower mean ECD. Mean ES and ECD for each ECD bin that includes the OECD were
determined for each study site and compared among each other for the ES model (Figures 20 and
21). Mean ES was influenced by study site. The interaction generated a positive linear
relationship from north to south (R² = 0.2945) with Hillsboro mean ES being significantly lower
than the remaining study sites. Mean ECD, given in situ ES model parameters, was not
influenced by study site from north to south. The interaction generated a slightly positive linear
relationship (R² = 0.0462) however Pompano had a significantly lower mean ECD.
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Table 6. Refitted models based on study sites with model diagnostics and outputs for in situ
nests.
OECD
Adjusted
Max
Study Site
HS or ES
n
p
(cm)
R²
HS or ES
Hillsboro

HS

3787

0.8591

4.36𝑒 −4

60.4

79.73%

Pompano

HS

2727

0.8242

5.59𝑒 −3

54.3

86.95%

Fort Lauderdale

HS

5119

0.9107

3.01𝑒 −4

59.9

85.73%

Hollywood

HS

619

0.7306

6.50𝑒 −2

57.6

82.93%

Hillsboro

ES

3809

0.8937

1.59𝑒 −3

56.6

69.69%

Pompano

ES

2744

0.9183

1.09𝑒 −2

52.3

80.58%

Fort Lauderdale

ES

5148

0.932

5.20𝑒 −4

57.5

78.96%

Hollywood

ES

622

0.9731

1.35𝑒 −2

56

76.43%

62

OECD (cm)

60

58
HS Model
ES Model

56
HS Model
y = -0.25x + 58.7
R² = 0.0054
ES Model
y = 0.34x + 54.75
R² = 0.0369

54

52
Hillsboro

Pompano

Fort
Lauderdale

Linear (HS Model)
Linear (ES Model)

Hollywood

Study Site
Figure 16. The OECD for each study site based on the HS and ES models. Hollywood was
excluded for the HS model due to insufficient model significance.
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Maximum Success

0.90

0.85

0.80
HS Model
ES Model

0.75

HS Model
y = 0.03x + 0.7814
R² = 0.6021
ES Model
y = 0.0186x + 0.7176
R² = 0.2509

0.70

Linear (HS Model)
Linear (ES Model)

0.65
Hillsboro

Pompano

Fort
Hollywood
Lauderdale

Study Site
Figure 17. The maximum HS and ES for each study site based on the HS and ES models.
Hollywood was excluded for max HS due to insufficient model significance.
0.93

0.88

HS

0.83

0.78

0.73
y = 0.0366x + 0.7561
R² = 0.628

0.68
Hillsboro

Pompano

Fort Lauderdale

Study Site
Figure 18. Mean HS for each study site based on the ECD bin that includes the OECD. Brackets
represent the standard error for each mean. Hollywood was excluded due to insufficient model
significance.
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64

ECD (cm)

62
60
58
56
54

y = -0.026x + 58.746
R² = 3E-05

52
Hillsboro

Pompano

Fort Lauderdale

Study Site
Figure 19. Mean ECD for each study site based on the ECD bin that includes the OECD for the
HS model. Brackets represent the standard deviation for each mean. Hollywood was excluded
due to insufficient model significance.
0.82
0.80

ES

0.78
0.76
0.74
0.72
0.70

y = 0.0194x + 0.7181
R² = 0.2945

0.68
Hillsboro

Pompano

Fort Lauderdale

Hollywood

Study Site
Figure 20. Mean ES for each study site based on the ECD bin that includes the OECD. Brackets
represent the standard error for each mean.
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52
y = 0.3895x + 54.599
R² = 0.0462

50
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Study Site
Figure 21. Mean ECD for each study site based on the ECD bin that includes the OECD for the
ES model. Brackets represent the standard deviation for each mean.
Discussion
In Situ Model Trends
Model predictions indicated an OCED for HS and ES were 56.3 centimeters and 55.7
centimeters respectively. While HS and ES cannot be directly compared as they are different
metrics, having both parameters optimized within a ECD interval of less than one centimeter
indicates the OCED for maximizing HS and ES are approximately equal in a practical sense. The
ECD within a nest is not uniform due to fluctuations in sand level within the egg chamber and
among the surface sand. Measuring ECD with this level of precision is not achievable even by
the most experienced nesting surveyors. Thus, an ECD of approximately 56 centimeters would
optimize both HS and ES simultaneously. While model predictions indicate this OCED, this
narrow range did not result in a maximum HS or ES that is statistically significant from other
ECDs. Thus, the aggregated data was incorporated to identify OCED ranges that were
statistically significant from all other ECD ranges. In situ HS was maximized at an ECD range of
56 to 59 centimeters (IHS-7), while in situ ES was maximized at an ECD range of 50 to 59
centimeters (IES-4 and IES-5). The ECD range that optimizes HS falls within the ECD range
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that optimizes ES. Trends within the aggregated data suggest that maximum ES can be achieved
at a lower ECD than needed to maximize HS. This could be attributed to the defining conditions
of ES. Hatchlings must ascend the distance of the ECD to successfully emerge from the nest and
as this distance increases, the likelihood of emerging will decrease. Yet, hatchlings cannot
emerge from the nest without hatching from the egg first and therefore ES is linked to HS. It is
logical that these OCEDs would coincide to some degree. The OCED to maximize HS occurred
at a deeper depth than the OCED to maximize ES. This could be attributed to deeper depths
experiencing less variation from surface environmental factors during the incubation duration
while still receiving the necessary conditions for embryonic development. Overall, burying nests
to a depth of 56 centimeters would maximize HS and ES and this is supported by model
predictions and the aggregated data.

Relocated Model Trends
Relocation models presented contradictory evidence relative to in situ models. Both data
aggregations for relocated HS and ES demonstrated linear trends which misaligns with the
hypothesized relationships for both ECD and HS, and ECD and ES. Not only did these trends
contradict the hypothesized parabolic trends, but they also contradicted each other. Relocated
ECD and HS modeling demonstrated a positive linear trend while relocated ECD and ES
modeling demonstrated a negative linear trend. The OCED to maximize HS for relocated nests
coincided with the maximum ECD within the model (69.2 centimeters), while OCED to
maximize ES for relocated nests coincided with the minimum ECD within the model (41.9
centimeters). The data suggests ECD interacts inversely between HS and ES for relocated nests.
This is not supported ecologically as ES is inherently tied to HS. As more eggs hatch, more
hatchlings can emerge from the nest. The ES can only be equal to or lower than HS based on the
formulas used to derive these values. Thus, trends between ECD and both HS and ES should be
similar. Due to these abnormalities, model interpretation for relocated nests became difficult
from an ecological standpoint. The relocated HS model suggests that deeper nests will have
higher HS with no clear limit to this trend, indicating nests relocated to abnormally deep depths
would potentially have a 100% HS rate. The relocated ES model suggests that shallower nests
will have higher ES with no clear limit to this trend, indicating nests relocated to depths just
below the surface would potentially have a 100% ES rate. Both implications are not logical
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considering known sea turtle biology. Nests relocated to abnormally deep depths would not
experience nest temperatures needed for proper embryonic development. These nests would also
have limited gas exchange to the distance to the surface and may even be deep enough to be
exposed to the oceanic water table, depending on the proximity to the shore. Combined, these
effects would reduce HS. Hatchlings from nests relocated to depths just below the surface may
have the easiest climb from the egg chamber to the surface but incubation conditions would
prevent this scenario from occurring. Nests laid this shallow would experience temperatures
beyond the thermal limit. These nests would also be more suspectable to predation and exposure
from tidal action, result in a compromised egg chamber and damaged eggs. Combined, these
effects would reduce HS and subsequently ES. These odd behaviors within the data may be
attributed to the detrimental effects nest relocation has on HS and ES. Relocated eggs incur some
level of damage during the relocation process from handling and while the recipient egg chamber
closely mimics the donor egg chamber, replicating the donor egg chamber is impossible for even
the most experienced nesting surveyors. These effects add variance to relocated HS and ES,
leading to inaccurate or masked trends within the data.

Impacts of Clutch Size
Clutch size impacted HS and ES based on model outputs. Predicted maximum HS and ES
both decreased as clutch size increased. This trend is supported in the aggregated data as well for
both the HS models and ES models. Potential explanations for these observed trends could be
tied to the impacts clutch size has on the temperature within the egg chamber. As eggs develop,
heat is generated resulting in increased temperatures. More eggs would generate more heat and it
is possible that nests with larger clutch sizes became too hot for some developing embryos and
they were pushed beyond the thermal limit, decreasing HS and subsequently ES. Another
possibility is eggs in the center of larger clutches may be too far from the exterior of the egg
chamber, resulting in lower gas exchange and exposure to vital components needed for proper
development like moisture. This would create potentially arid and/or anoxic pockets within the
clutch, resulting in mortality and lowering HS and ES. Predicted maximum ES and mean ES
were more impacted by clutch size as they demonstrated stronger correlation. Larger clutches
may pose more obstructions for emerging hatchlings as there are more eggs within the egg
chamber to maneuver around. Additionally, model outputs demonstrate the OECD increased as
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clutch size increased, indicating that nests with larger clutch sizes maximize their HS and ES at
deeper depths where surface conditions would be less impactful. This trend is supported in the
aggregated data as well for both the HS models and ES models. This may indicate nests with
larger clutches are buried deeper and develop better in stable incubation environments. This
would require emerging hatchlings to traverse longer distances, reducing ES more significantly.

Impacts of Study Site
The study site used for incubation had mixed results on HS, ES, and OECD. The OECD
presented no clear trend as study site changed from north to south for both HS and ES models.
This was supported by model predictions and the aggregated data, indicating that nest location
does not influence OECD when simply comparing the latitude of the nest. While the data
presented no clear trend along Broward County coastline, the range of survey area was only 38.6
kilometers, including Dr. Von D. Mizell-Eula Johnson State Park. Relative to the state of
Florida, this is a very small fraction of beach. The possibility for nest site to impact OECD on a
latitude basis still exists, but data for this scale does not support it. Differences in beach
conditions may have also masked trends in ECD and nest location by adding unaccounted for
variance. Hollywood, Fort Lauderdale, and Pompano experience more beach renourishment as
those areas are more commercialized. This can impact ECD as beach renourishment can alter
sand compaction and grain size which, in turn, impacts the digging capabilities of nesting
females. These beaches undergo far more mechanical beach cleaning which can have similar
effects to sand compaction. Sample size may have also hidden trends between ECD and nest
location for the HS model. Hollywood beach had a significantly smaller sample size relative to
the other three beaches. This is due to Hollywood being the lowest nesting density beach in the
BCSTCP’s survey area. Less than 200 total nests are laid along this 9.3 kilometer stretch of
beach annually. This reduced sample size lowered the statistical power of the HS model as the
bin sizes were smaller intervals, requiring the data to be removed from the analyses. It is likely
the data would resemble the OECD for ES models as HS and ES are linked. Unless more nesting
seasons are incorporated into the analysis however, the full relationship remains unknown.
Pompano did have significantly lower OECD and mean ECD for both models, indicating that the
beach profile is either limiting nest deposition capabilities for nesting mothers or possesses
quality that maximizes HS and ES at lower ECDs.
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Predicted maximum HS and ES generally increased north to south. This trend was also
supported by the aggregated data. However, HS model predictions and aggregated data varied
little between Pompano and Fort Lauderdale. Hollywood lacked a sufficient sample size to
model HS and was excluded. The ES model predictions and aggregated behaved similarly, with
little variation in ES being observed among Pompano, Fort Lauderdale, and Hollywood. This
suggests that HS and ES were not significantly impacted by latitude among these three beaches.
Hillsboro, in all predictions and aggregated data, had significantly lower HS and ES.
Qualitatively, Hillsboro is far different from the other three study sites. Hillsboro has
experienced less beach renourishment relative to the other three study sites, indicating the sand
composition and density is likely different. Additionally, beach width is substantially lower
within Hillsboro, bringing incubating nests closer to the ocean and more likely to experience
washover events. Finally, Hillsboro has more vegetation along the west boundary of the beach.
Nests laid near vegetation will experience lower incubation temperatures from shading,
impacting embryonic development. Nests may also be encroached by roots which can damage
eggs and obstruct emerging hatchlings. Together these impacts would lower HS and ES from
nests incubating along Hillsboro relative to wider, more open beaches like Pompano, Fort
Lauderdale, and Hollywood. For these reasons, it is reasonable to infer the differences in HS and
ES were not attributed directly to variations in surface temperature from north to south but rather
variations in uninvestigated factors.

Conclusion
This study suggests that ECD does play a significant role in the overall HS and ES of
loggerhead nests. An OECD range was identified for each response variable and this knowledge
can be applied towards conservation efforts of this imperiled species, specifically nest relocation.
Current regulations in Florida dictate nests must be relocated to recipient sites that mimic the
donor egg chamber dimensions as much as possible. The ECD of the donor egg chamber is often
identical to the recipient egg chamber’s ECD. Yet situations occur where the ECD from the
donor egg chamber is unknown, such as exposure from tidal action. Regulations dictate these
nests must be buried to 60 centimeters for loggerhead nests. This required ECD extends beyond
the upper bound of this study’s recommended OECD range for both HS and ES, 56 to 59
centimeters and 50 to 59 centimeters respectively. While this is not an extreme deviation from
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the HS OECD range, it does differ more drastically from the ES OECD range. Given the
detrimental effects nest relocation has on typical HS and ES trends presented in this study, when
nest relocation is required to improve the survivability of a nest and its hatchlings, all evidence
should be utilized to maximize its HS and ES potential.
To further compound the need to adjust current regulations, clutch size impacted OECD
in this study and this factor should be accounted for when relocating nests. Burying larger
clutches too shallow or smaller clutches too deep could have significant impacts to the nests HS
and ES due to metabolic heating, potentially resulting in lower hatchling output. This counteracts
the purpose for nest relocation, to increase the survivability of the nest and its hatchlings. These
regulations also do not account for location and although this study did not demonstrate
significant impacts to OECD, HS, and ES based on study site, the range of the survey area was
limited. Florida spans long distances north to south with east and west coasts having different
climates, all indicating the OECD could be impacted by location to some degree. To help
conserve the loggerhead species, all efforts should be put forth to maximize hatchling output and
this study has demonstrated the importance that ECD, clutch size, study site have on maximizing
HS and ES along Broward County beaches.

Future Direction
Data mining of historical nesting and excavation data from the BCSTCP demonstrated
significant results that could improve conservation management for imperiled sea turtle species.
Despite these results, further investigation into these relationships should be examined with a
more controlled study design. The nests utilized for this study were partitioned as best as
possible to minimize variability within the dataset but high variance among these nests still
existed. This was due to multiple factors. Data collection requirements varied from season to
season with the BCSTCP with earlier seasons collecting relatively minimal data and later
seasons collecting a far more robust data pool for each nest. Therefore, some criteria that
removed nests from this data analysis may not have been documented in earlier nesting seasons.
Another set of factors excluded from this study were critical environmental components needed
for embryonic development such as nest temperature, moisture, sand grain size, and sand
compaction. With these factors incorporated into model development, a clearer picture of the
effects ECD has on HS and ES could be achieved. Finally, this data analysis took a repeated
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measures approach to minimize the variability within the dataset as every nest experienced vastly
different incubation environments. Proximity to the ocean, nesting timing, clutch size,
temperature exposure, rainfall, and sand composition are some of the many variables not
controlled in this study. Future research could attempt to control as many of these factors as
possible to minimize variability and isolate the effect ECD has on HS and ES. If results from a
more controlled experimental design are promising, further investigation into the impact nest
location has on the relationship between ECD and both HS and ES could be explored. This
relationship could also be analyzed for other sea turtle species as each species grows to different
sizes at the onset of sexual maturity and mean ECD may differ among them.
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